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INTRODUCTION AND BACKGROUND

Electrochemical capacitors
1 are a class of energy-storage devices that exhibit characteristics related to both electrostatic capacitors and conventional batteries. Electrochemical capacitors are commonly differentiated from batteries in that at least one of two electrodes in an EC relies on double-layer capacitance at the electrode/electrolyte interface as the principal charge-storage mechanism. As a result, ECs typically exhibit sloping charge-discharge profiles that are reminiscent of electrostatic capacitors (thus their designation as "electrochemical capacitors").
Due to the combination of sloping charge-discharge profiles and the lower chargestorage capacity of the double-layer mechanism relative to the redox processes in batteries, ECs exhibit lower energy densities than batteries. For example, the energy density of a typical carbon-carbon EC is 3-5Whkg _1 as compared to >100Whkg 1 for high-performance Li-ion batteries. Compared to advanced batteries, the chief advantages of ECs are the rates at which their energy can be stored and released (charge-discharge response times are typically <10 seconds for carbon-carbon ECs), long cycle life (often hundreds of thousands of cycles), and graceful fade characteristics. The sloping charge-discharge profiles of ECs also provide an important benefit as an indicator of the state-of-charge of EC cells as they are electrochemically cycled.
The term "electrochemical capacitor" is used to describe a diverse array of energy-storage devices that incorporate a variety of active materials (high-surfacearea carbons, electroactive polymers, and/or transition metal oxides), electrolytes (conventional aqueous and nonaqueous electrolytes, advanced polymer electrolytes, or ionic liquids), cell configurations (symmetric and asymmetric), and electrode architectures. Because of this diversity in design and cell chemistry, as a class of energy-storage technologies, ECs cover a broad region on the power vs.
energy density plane, and bridge the critical performance gap that exists between the high power densities offered by conventional capacitors and the high energy densities of batteries, as shown in Figure 1 . With the continued evolution of new technologies and applications that have challenging power requirements, ECs are now being considered as viable energy-storage solutions, either as stand-alone devices for high-power needs or more often as integral components in hybrid systems that also include other energy storage/generation technologies (e.g., batteries, fuel cells, combustion engines). 6 The fast charge-discharge characteristics and long cycle life of ECs are particularly well suited for hybrid-electric power systems that are designed to recapture energy from repetitive motion that would normally be wasted by conventional braking. The most visible applications of hybrid-electric systems are for transportation, with examples ranging from compact cars to garbage trucks and city buses. The same concepts of energy recapture are also being applied to many industrial platforms, including fork-lifts, cranes, and elevators. In all such cases, hybrid-electric systems, as enabled by energy storage with ECs, can provide significant energy/fuel savings and reduction in harmful emissions.
Electrochemical capacitors are also being deployed in many other roles including as high-power backup energy storage for portable and stationary applications, and for various load-leveling and peak-shaving duties for applications in industrial and utility sectors. those programs are described first. The author also takes the liberty to identify potential future applications where ECs should be considered as an energystorage technology, as based on their well-known operation characteristics and by extrapolating from related uses in the private sector.
In the final section, the author briefly examines how continued evolution of present EC technologies and the development of new EC cell chemistries may further advance their utility in military and civilian applications.
SUMMARY OF COMMERCIALLY AVAILABLE ELECTROCHEMICAL CAPACITOR
TECHNOLOGIES
Electric Double-Layer Capacitors. The most mature and common form of EC is the "electric double-layer capacitor" (EDLC), whose current form was first invented by the Standard Oil Company of Ohio in 1966. 4 The EDLC incorporates a symmetric cell design comprising two high-surface-area carbon electrodes separated by a nonaqueous electrolyte. As the name implies, charge is stored in the electric double-layer that forms at all electrode/electrolyte interfaces (see Figure 2 ). The energy density of a symmetric EDLC is defined by the equation, The fast charge-discharge response (on the order of one second or less) of EDLCs is particularly effective for regenerative energy capture in hybrid-electric systems, but is also beneficial for addressing power quality issues (voltage sags and spikes) in local and regional electricity grids. 27 The principal limitation of EDLCs is their relatively low energy densities. To compensate for this limitation, EDLCs can be paired in parallel with conventional batteries in a hybrid power source, where the EDLC meets momentary power needs and the battery provides long-term power.
Using the EDLC to bear the burden of pulse power demands often extends the operational lifetime of the associated battery.
Asymmetric ECs with Aqueous Electrolytes. Although EDLCs exhibit many
desirable properties with respect to durability and fast charge-discharge response, their energy density is fundamentally restricted by their reliance on double-layer capacitance (a surface-limited process) as the primary charge-storage mechanism.
In an effort to address this limitation, another class of ECs has been developed in 
FUTURE OPPORTUNITIES FOR ELECTROCHEMICAL CAPACITOR DEPLOYMENT IN NAVY/MARINE CORPS MISSIONS
Hybrid-Electric Vehicles for Land-Based Operations. The application of hybridelectric power systems for light-duty vehicles (compact cars to pickup trucks and sports-utility vehicles) is now commonplace, with many models available on the market. Less visible, but no less important, are heavy-duty vehicle platforms (e.g., city buses and garbage trucks) that also benefit from hybrid-electric drive trains.
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These vehicles are available with a variety of hybrid-electric designs, ranging from "micro" or "mild" hybrids that serve in a "stop/start" function to minimize idling of the combustion engine, to "full" hybrids in which the vehicle can operate in an all-electric mode for short distances at low speeds. Energy storage is a key component of any hybrid-electric system, being used to both harvest energy through regenerative braking and to deliver that energy for quick bursts of generating stations, fulfilling the military's vision for "islands of power" in the field.
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For example, the Oshkosh HEMTT-A3 can provide 100 kW of exportable, military-grade AC power from its hybrid-electric system. Integrating such power-generation capability into the vehicle platform may ultimately reduce the need for separate tow-behind generator sets ("gensets"). While awaiting the further evolution and deployment of hybrid-electric military vehicle platforms, the hybrid concept can also be applied to gensets themselves, where energystorage based on ECs can be used to address intermittent pulse-power demands, leaving the diesel engine of the generator to operate at its most efficient speeds, resulting in lower fuel consumption.
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For the foreseeable future, diesel engines will be the preferred energy conversion technology for both transportation and portable power generation, but in the longer term, fuel cells may ultimately gain acceptance for these same tasks.
The benefits of the hybrid-electric concept can also be realized for fuel cells by pairing them with energy storage, such that the fuel cell can operate at constant power conditions for maximum efficient, while the energy-storage unit is used for worldwide. 48 The repetitive "lift-lower" motion of cranes used to transfer cargo between ship and shore is ideal for operation with a hybrid-electric system, in which a significant fraction of the energy expended in the lift cycle can be recaptured during the lower cycle and then delivered again during the lift cycle to augment the power from the main power source (typically a diesel engine). The result is an overall decrease in fuel consumption and associated air pollution with the hybrid-electric crane system compared to a conventional crane.
Wnch Motor Technologies is performing proof-of-principle experiments using a test rig (see Figure 9 ) composed of an electric hoist system that is interfaced with an energy storage system that is composed of four banks of Maxwell BOOSTCAP® EC modules, each providing 2 MJ of storage capacity at full charge.
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Early results from the prototype system developed and tested by
Oceaneering clearly demonstrate the advantages of mating EC-based energy storage with the electric hoist rig. 50 For example, Figure 10 shows the power flow for a typical lift-lower cycle, where the "Rect_Pwr" curve represents external power applied to the system (a stand-in for the power that would be applied to the electric hoist from the ship's generation system), and "Bus_Pwr" curve represents the charging of the EC module bank on the lower segment and subsequent power delivery to the hoist on the lift segment of the cycle. As seen from these results, the external power needed in the lift segment is substantially In addition to providing regenerative energy capture and delivery during normal operations, the EC energy-storage system can also provide emergency payload recovery in the event of a loss of the main power supply. In a "loss of ship power" test with this same prototype system, the Figure 13 ). transportation, coupling EC-based energy storage with a fuel cell can result in significant gains in performance and efficiency, allowing the fuel cell to operate in its most efficient constant-power mode while the ECs are used to meet momentary pulse-power demands. These same benefits would apply to ship-board fuel cell systems.
Application of Electrochemical Capacitors for Mobile Electronics and
Communications. The useful forms of ECs are not limited to the large cells or multi-cell modules described above for transportation or utility applications.
Small EDLCs with capacitances on the order of tens of farads are being increasingly utilized in the commercial sector for hand-held electronic devices, including cell phones, cameras, PDAs, and even wireless sensors. Many EC concepts are moving beyond reliance on double-layer capacitance for charge-storage, incorporating such materials as mixed ion/electron-conducting metal oxides and conducting polymers that store charge by faradaic processes.
The asymmetric aqueous EC technologies described in the preceding sections are a prime example. In addition to delivering significantly higher energy densities than EDLCs, the NiOOH I I carbon and PbCh I I carbon ECs also provide the safety and low-cost benefits that are associated with the use of aqueous electrolytes. The performance and applicability of these EC technologies could be further enhanced through the use of nanostructured electrode materials and more compact electrode designs that would reduce their charge-discharge response times from several minutes to a few seconds, concomitantly increasing their power densities.
In the past few years, manganese oxides have attracted much attention as potential lower-cost alternatives to NiOOH and Pb02 for aqueous asymmetric The asymmetric design concept has also been extended to cells that incorporate nonaqueous electrolytes, where higher cell voltages (3-4 V) can be achieved. With continued support from the public and private sectors, the present trajectory of EC technology development will ultimately yield energy-storage solutions that enable many applications with challenging energy/power requirements, ranging from small electronics to local electricity grids. The same promising attributes of present and next-generation ECs should also be exploited in support of future Navy and Marine Corps missions.
